The III-nitride semiconductors family includes gallium nitride (GaN), aluminum nitride (AlN), indium nitride (InN), and related ternary and quaternary alloys. The research interest on this group of materials is sparked by the direct bandgaps, and excellent physical and chemical properties. Moreover, the ternary alloys (InGaN, InAlN and AlGaN) present the advantage of bandgap tuning, giving access to the whole visible spectrum, from near infrared into deep ultraviolet wavelengths. The intrinsic properties of III-nitride materials can be combined with characteristical features of nanodimension and geometry in nanorod structures. Moreover, nanorods offer the advantage of avoiding problems arising from the lack of native substrates, like lattice and thermal expansion, film -substrate mismatch.
Introduction
The semiconductor market is currently evaluated at approximately US$ 400 billion, and prognosis supports a rapid expansion in the future. The properties that open up new applications for ternary and quaternary alloys. [2] In particular, introduction of high-brightness blue light-emitting diodes (LEDs) with InGaN as the active layer [3] and violet blue laser diode based on InGaN multiple-quantum-well structure [4] sandwiched in p-/n-doped GaN epilayers in the 1990s, revolutionized and marked the rapid development of solid state lighting technology.
The first ones who investigated deeply the properties of this group of materials were Maruska and Pankove in the seventies. [5] However, these research programs were abandoned because of the inability to grow high-quality materials by heteroepitaxy and achieve p-type doping. The major breakthrough came in 1986, when Amano et al. succeeded growing high-quality GaN films on sapphire, using AlN buffer layers. [6] AlN layer was deposited at low temperature on sapphire before the growth of GaN, to compensate the strain induced by GaN layer -sapphire substrate lattice mismatch. The same group reported low resistivity p-type in 1989, by using low-energy electron beam annealing to activate Mg-doped GaN. [7] However, good p-type group IIInitrides are still difficult to achieve. The difficulties arise from the ionization energies of acceptor dopants which are relatively high in III-nitrides, low dopant solubility, and hydrogen passivation. [8] This affects the performance of nitridebased devices for electronics, such as field-effect transistors and also conducts to the so-called efficiency droop in LEDs (efficiency reduction at high current density injection). [9] The emergence of group III-nitride semiconductors nanostructures saw intense research activity, combining the intrinsic properties of III-nitride materials with unique properties induced by the nanorod geometry. The distinctive features that nanodimensionality offers like quantum confinement, high crystal quality, and strain relaxation promise significant advances in modern devices, and especially for optoelectronics. [10] Group III-nitride nanorods were first reported in 1998, obtained through self-assembly processes by molecular beam epitaxy (MBE). [11, 12] The Thin Film Physics Division at Linköping University has a long history of employing and developing magnetron sputter epitaxy (MSE) technique, being one among only a few groups that use it successfully for the growth of group III-nitrides semiconductors. This knowledge gained by years of researching sputtering processes in ultrahigh vacuum (UHV) systems, conducted to the development of wurtzite III-nitrides semiconductors which include thin films, [13] [14] [15] but also nanostructures like: nanorods, [16, 17] nanospirals, [18] or nanograss. [19] 
Group III-nitride semiconductors
Group III-nitride semiconductors, including AlN, GaN, InN, and their alloys form a group of materials with high perspectives because of their good properties, such as: high iconicity, low compressibility, high melting point, high thermal conductivity, chemical inertness, high breakdown voltages, and ability to sustain high-temperature and high-power operation. The polarity of the grown structure can be influenced by the growth technique and conditions but also by the substrate and buffer layer used as templates during the growing process. It has been noticed that GaN films grown on sapphire by metalorganic chemical vapor deposition (MOCVD) [21] or hydride vapor phase epitaxy (HVPE) [22] usually present a Ga-face polarity, while, using molecular beam epitaxy (MBE) and a low-temperature AlN buffer layer, usually lead to N-face surfaces. [23] Besides the differences that appear in structure and morphology, the polarity also influences the electronic properties.
Samples with different polarities have different Schottky barrier heights. [24] Wurtzite ternary III-nitride alloys, InxGa1-xN, InxAl1-xN, and AlxGa1-xN, are all direct bandgap semiconductors, and the bandgap spans from ≈ 0.7 eV for InN, where Eg is the bandgap, x is the Al fraction, and b is the bowing parameter.
This deviation is presented in Figure 2 .3, were the bandgap energy is plotted as a function of lattice constant, considering the following bowing parameters: 1.6, 0.7, and 3.4 for InxGa1-xN, AlxGa1-xN, and InxAl1-xN, respectively. [25] [36] and MSE. [16, 17] At this scale, quantum confinement effects can be exploited in terms of tailoring Group III-nitrides can be grown both homoepitaxially and heteroepitaxially.
Homoepitaxy means the substrate is the same material as the grown material, while in heteroepitaxy, the substrate and grown material are different.
Heteroepitaxy is commonly used for the growth of group III-nitride due to difficulties in achieving bulk group III-nitride substrates.
The lack of native substrates represents a major problem for the growth of IIInitride films, resulting in a high density of dislocations induced by the filmsubstrate mismatch. Dislocation act as non-radiative centers, decreasing luminescence efficiency and leading to degradation of optoelectonic devices.
[39] The nanorod's geometry, with the characteristic small cross-sections, allows them to accommodate much higher levels of strain induced by lattice mismatch. The crystal structure can elastically relax for a wider range of mismatches, and dislocations are either confined to the interface or are likely to bend to the sidewalls, enabling the growth of defect-free nanorods on a wide range of substrates. Besides, the small footprint of the nanorods contributes to avoidance of crack generation by relieving the strain induced by thermal expansion mismatch with the substrate.
Nanorod structures
Nanorods can be obtained as single phase or heterostructured nanorods ( Figure   3 .2). The heterostructures offer the possibilities of combining two or more materials, and so take advantage of the properties and characteristics of both.
Owing to the small footprint, the structure degradation due to mismatch in lattice is avoided. Depending on the direction the materials are inserted, we can have radial nanorod heterostructure (termed as core-shell structure), or axial nanorod heterostructure. Axial nanorod heterostructures simplify the production of devices such as LEDs, and lead to improved size dependent properties but also offer an easy way of incorporating quantum wells and dots in the active regions. [40, 41] Radial nanorod heterostructures consist of a nanorod core region surrounded by coaxial shell layers. There are two ways of obtaining core-shell nanorods. One is a two steps method consisting in growing a single nanorod (core), which is then coated with another material (shell), usually with a larger bandgap. [42] Another method consists of a single step growth and refers to the spontaneous formation of core-shell nanorods consisting of two phases with different concentrations. [43, 17] In a ternary III-nitride, a complete phase separation can occur, resulting in nanorods where the core and the shell are each composed of a binary compound. An incomplete phase separation results in compositional fluctuation, and both the shell and core of the nanorods are composed of ternary material, but with a different concentrations x.
Synthesis of group III-nitride nanorods

Top-down synthesis
Fabrication of nanorods can be approached by top-down or bottom-up methods. 
Bottom-up synthesis
Bottom-up methods require less effort and result in a better crystalline quality of nanorods and smoother side surfaces since no nanorod etching step is involved. The growth process can be catalyst-assisted, also termed as vaporliquid-solid (VLS) growth, or catalyst-free leading to the self-assembled nanorods.
Catalyst-assisted growth
The catalyst-assisted VLS growth process was first proposed by Wagner and Ellis in 1964, for the growth of Si whiskers, using gold catalyst. [44] The growth mechanism describes unidirectional growth resulted from the impinging of the vapor phase precursor of the nanorod material on a liquid phase seed droplet.
The commonly used catalysts for GaN nanorod growth, are Au, Ni, a mixture of both, or Ta. The catalyst is either coated on the substrate and thermally annealed to result in metallic droplets, or deposited as particles on the substrates' surface. Catalyst/III-nitride precursor alloying takes place, resulting in supersaturation of the liquid alloy and precipitation at the liquid/solid interface.
The precipitation leads to nanorod growth, which continues as long as the vaporphase reactants are supplied ( Figure 3.4) . Position-controlled growth can be applied by patterning of the catalyst, employing lithography methods. However, the crystal quality is often affected by the incorporation of the catalyst material into the nanorod. The presence of Ni catalyst was reported to affect the structural and optical properties of the GaN nanorods, being connected to stacking fault formation or stabilization of zincblende structure. [45] Catalyst-free growth
Catalyst-free growth, also termed as self-assembled or self-induced growth, denotes the spontaneous formation of nanorods during growth. Spontaneous formation was proved using different methods, such as MBE, MOVPE, HVPE or MSE. Growth is not determined anymore by the catalyst presence, but surface diffusion and adatom mobility control more on the process and resultant morphology. [46] Spontaneous III-nitride nanorod growth can be divided into two steps: nucleation and growth. Processes as adsorption, diffusion, and desorption are essential for understanding the nucleation and growth in this case.
During the nucleation, adatoms migrate on the surface of the substrate and are adsorbed, leading to the formation of stable clusters. The coarsening of these clusters results in the nanorods nuclei formation and kinetics determine the elongation and final nanorod growth. [35, 47] The general rule is that nanorods grow in the direction of minimizing the total surface energy of the crystal. [48] III-nitride nanorods, usually grow preferentially along c-axis, since the average surface energies of the polar and semipolar planes are higher than those of nonpolar planes. [49] Adatoms tend to migrate along the substrate surface and the lateral nonpolar planes of nanorods, being incorporated primarily in the nanorod top polar planes. The diffusion-induced growth means that nucleation of nanorods is mainly random resulting in a large varieties of diameters, heights, and densities within a single growth run.
Selective-area growth
The randomness specific to self-assembled nanorods leads to non-uniform properties and hinders device processing. Selective-area growth (SAG) of nanorods was introduced to circumvent these problems, since it offers precise control on size (length and diameter), shape, position, density and orientation of the nanorods. 
Growth of group III-nitrides
Metalorganic Chemical Vapor Deposition
MOCVD is a technique where growth takes place in thermodynamic equilibrium conditions by chemical reactions. [55] The metalorganic precursor molecules are carried away by a gas from a stainless steel container to an epitaxial growth chamber. The precursor can be either in solid or liquid form and must exhibit an appropriate volatility and reactivity to thermally decompose inside the chamber. The most common precursors used for the growth of group III-nitrides are: trimethylgallium (TMGa), triethylgallium (TEGa), trimethylaluminum (TMAl), and trimethylindium (TMIn), while ammonia is used as the source material for nitrogen. The general reaction that takes place can be described by:
where R represents the organic radical and III-M the group III-metal.
The growth process take place in four steps: gas input, pyrolysis, diffusion, and 
Molecular beam epitaxy
MBE is a non-equilibrium growth method that employs the usage of Knudsen effusion cells or electron-beam evaporators for heating and evaporating/sublimating source material under UVH conditions. For III-nitride semiconductor growth, typically the source material for nitrogen is ammonia or a nitrogen plasma and the compound is formed through the reaction between the group III-metal and nitrogen at the substrate's surface. In this case, the reaction is kinetically driven by the surface processes, and is not a reaction taking place at thermodynamic equilibrium unlike MOCVD. [57] The resulting growth rates are relatively low compared to MOCVD.
Magnetron sputtering
Sputtering is a physical vapor deposition, taking place in a vacuum environment, and consists in ejecting atoms from a target material by bombarding it with high energetic ions, and condensing these ejected atoms onto a substrate. Plasma is generated by introducing a working gas into the vacuum chamber and applying a negative potential on the target. The energy transferred to the target atoms by the colliding positive ions is described in equation 4.2. [58] where Λ is the transferred energy, and Mi and Mt are the mass of the incident ion and target atom, respectively.
The interaction between the bombarding ions and target material generates not only sputtered atoms, but also secondary electrons which are important for 2) maintaining the plasma. A limitation of MBE and MOCVD growth consist in the high temperatures needed for obtaining high quality III-nitride materials.
Due to the ion assisted growth which enhances adatom mobility, MSE allows for the growth of single-crystal, high-quality films even at room-temperature.
[14] In MSE, the ionization process is enhanced by using a magnetic field.
Reactive sputtering is when a reactive gas, like oxygen or nitrogen, is introduced into the sputtering chamber. The sputtered particles can undergo a chemical reaction with the reactive gas particles both before condensing onto the substrate and on substrate surface. Therefore, the deposited material can be a compound, different from the metallic target material. The chemically reactive gas can react not only with the ejected atoms from the target, but also with the target surface.
This phenomenon is called target poisoning and can cause instability to the process, if the hysteresis effect occurs. [59] MSE has developed rapidly becoming the main sputtering process for obtaining a wide range of industrially important coatings. The applications include: hard, wear-resistant coatings, low friction coatings, corrosion-resistant coatings, decorative coatings, and coatings with special optical or electrical properties.
[60] An important step was represented by the introduction of balanced magnetrons in the early 1970s. However, the process limitations were truly overcome with the development of the unbalanced magnetron in the late 1980s.
Depending on their magnetic field configuration three types of magnetrons can be defined (Figure 4 .1).
• Balanced magnetron (center and outer poles have equal strength)
• Unbalanced magnetron type I (center pole is stronger than the outer pole)
• Unbalanced magnetron type II (outer pole is stronger than the inner pole).
[61] The stronger magnets on the outside of an unbalanced magnetron result in an expanded plasma away from the surface of the target towards the substrate. The secondary electrons that escape the target's surface produce a greater number of ions closer to the substrate, increasing the ion bombardment.
In DC sputtering, a potential difference is applied between target and substrate, leading to the acceleration of the gas ions towards the target's surface. Atoms are ejected from the target's surface and travel to the substrate surface where they are deposited.
Recently, high quality III-nitrides were grown by reactive magnetron sputtering from metallic targets under pure or diluted N2 sputtering gas. Argon or other inert gases are used to avoid the formation of a nitride layer on the target's surface that can cause problems during deposition. 
System description
GaN was grown in a UVH growth chamber connected, with the chamber used for InxAl1-xN growth through a common load lock and transfer tube system. This The crystalline structures were characterized by θ/2θ scan with a Philips 1820 Bragg-Bretano diffractometer using Cu-Kα radiation.
Characterization techniques
X-ray diffraction
Pole figures
Pole figure XRD is a common technique to obtain texture information. The pole figure is a stereographic projection representing a map of crystal directions with respect to the sample reference frame. The pole figure gives the probability of finding a given (hkl) plane, as a function of the specimen orientation. In a pole figure measurement, the sample reference frame is scanned by varying the φ angle (twist angle around sample's normal direction) and Ψ angle (tilt angle around sample's normal direction) at a fixed 2θ angle.
When the III-nitride associated reflexions join together forming a ring of higher intensity, it indicates that the nanorods have a fiber texture with their c-axes along the growth direction and with random in-plane orientation (Figure 5.3a) .
When a treatment is applied to the substrate to remove the native oxide layer, such as HF etching or clean sputtering, the in-plane orientation of the III-nitride nanorods changes, exhibiting six distinct peaks, separated by φ = 60°, and indicating an ordering in the in-plane orientation ( Figure 5 .3b). For nanorods samples, the elongation along the phi (φ) angle is attributed to a broad in-plane misorientation, meaning that the nanorods exhibits a small-angle twist with respect to each other. The elongation along psi (Ψ) angle is due to the tilted growth of the nanorods in respect to template's surface normal.
Scanning Electron Microscopy
The scanning electron microscope (SEM) is a powerful tool that utilizes a focused electron beam to obtain information by scanning it over a sample surface. The high-resolution three-dimensional images produced by SEMs can provide topographical, morphological, and compositional information, which makes it invaluable in a variety of science and industry applications. [66] Electron microscopes work on the same basic principles as optical microscopes, In this thesis, sample morphologies were characterized with a Zeiss Leo 1550 field-emission gun SEM. The SEM is equipped with a Gatan MonoCL4 spectroscope, used for performing room-temperature cathodoluminescence (CL) spectroscopy and mapping. The emission from the samples is dispersed by a monochromator with a 150 lines/mm grating blazed at 500 nm and detected by a Peltier-cooled photomultiplier tube.
Transmission electron microscopy
In a transmission electron microscope, the electrons generated by an electron gun are accelerated and go through the illumination system composed of two or more sets of condenser magnetic lenses. An electron-transparent sample is Microstructural analyses were performed by using the double-corrected Linköping FEI Titan 3 60-300, operated at 300 kV.
Summary of the included results
In the first paper, I demonstrate the successful growth of InxAl1−xN radial nanorod heterostructures on Si(111) substrates using direct current reactive MSE. No catalyst was used for the growth of InxAl1−xN core-shell nanorods. 
